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Colonic H1-K1-ATPase is induced and mediates increased
HCO3
2 reabsorption in inner medullary collecting duct in potas-
sium depletion.
Background. Potassium depletion increases HCO3
2 reabsorp-
tion in outer medullary collecting duct (OMCD) by activation of
colonic (c) H-K-ATPase (HKA). The purpose of the current
experiments was to examine the role of the isoforms of HKA in
HCO3
2 reabsorption by terminal inner medullary collecting duct
(IMCD) cells in potassium depletion.
Methods. Sprague-Dawley rats were fed a potassium-free diet
and studied after 8 to 10 days. mRNA expression of HKA
isoforms in terminal portion of inner medulla was examined and
correlated with HCO3
2 reabsorption in the terminal IMCD.
Results. Gastric (g) HKA mRNA decreased whereas colonic (c)
HKA mRNA expression was heavily induced in terminal portion
of inner medulla in potassium depleted rats. Net HCO3
2 flux
(JtCO2) in terminal IMCD increased in potassium depletion (4.56
to 7.06 pmol/min/mm tubule length, P , 0.001). In normal rats, 1
mM ouabain in perfusate had no effect on JtCO2, whereas 10 mM
Schering 28080 (SCH) decreased JtCO2 to 2.4 (P , 0.002). In KD
rats, 1 mM ouabain decreased JtCO2 to 4.9 (P , 0.005) and 10 mM
SCH decreased JtCO2 to 3.3 (P , 0.001). However, the inhibitory
effects of SCH and ouabain on JtCO2 in potassium depleted
animals were not additive.
Conclusions. The data indicate that gHKA is suppressed
whereas cHKA is induced in potassium depletion and mediates
increased HCO3
2 reabsorption in terminal IMCD. The results
further indicate that cHKA in vivo is sensitive to both SCH and
ouabain.
Terminal inner medullary collecting duct (IMCD) plays
an important role in acid-base homeostasis by secreting
acid and reabsorbing bicarbonate (HCO3
2) [1, 2]. Perfu-
sion studies have indicated that a potassium-dependent,
Schering 28080 (SCH)-sensitive acid-secreting pathway is
responsible for reabsorption of majority of HCO3
2 in
terminal IMCD [3]. Based on pharmacological properties
of HKA isoforms [4–6] it has been suggested that the
gastric isoform of H-K-ATPase (gHKA) is the transporter
that mediates HCO3
2 reabsorption in terminal IMCD [3].
Molecular studies demonstrate the presence of at least
two HKA isoforms, colonic and gastric, in collecting duct
(CD) cells [7, 8] that mediate the exchange of intracellular
H1 for extracellular potassium, with subsequent reabsorp-
tion of HCO3
2 and K1. Functional studies have indicated
that gastric HKA is sensitive to SCH and insensitive to
ouabain [4, 5], whereas colonic HKA (cHKA) is sensitive to
ouabain and insensitive to Schering 28080 [6].
Potassium depletion is associated with enhanced reab-
sorption of HCO3
2 in several nephron segments, including
proximal tubule [9, 10], cortical collecting duct (CCD) [11]
and outer medullary collecting duct (OMCD) [12]. In-
creased HCO3
2 reabsorption in proximal tubule is predom-
inantly mediated via the Na1/H1 exchanger NHE-3 [10],
whereas in OMCD it is mediated via the cHKA [12]. The
contribution of terminal IMCD to HCO3
2 reabsorption in
potassium depleted remains unclear. Accordingly, the ex-
pression of HKA isoforms and their role in HCO3
2 reab-
sorption in terminal IMCD was examined in potassium
depleted rats.
METHODS
Animal model. Male Sprague Dawley rats (80 to 100 g)
were placed on a potassium deficient diet purchased from
ICN Biochemicals, Inc. (Catalog no. 960189) for 8 to 10
days. Rats were housed two per cage, had free access to
food and water, and their body wts were recorded at the
beginning and at the end of the experiments. Animals were
sacrificed by intraperitoneal injection of 50 mg of sodium
pentobarbital. Intracardiac blood was obtained at sacrifice
for plasma K1 concentration measurement. For functional
studies, kidneys were used on the same day of sacrifice. For
Northern hybridizations, kidneys were removed, papillas
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were cut out and snap frozen in liquid nitrogen and stored
at 280°C until used.
HCO3
2 transport measurement
In vitro microperfusion. After animals were sacrificed the
kidneys were removed, decapsulated and sectioned into
three to four cross sections and immediately placed in a
Petri dish containing dissecting solution. The papillary tip
was separated and transferred into a second Petri dish
containing dissecting solution (Table 1) and maintained at
14°C under a dissecting microscope. Segments of terminal
IMCD were dissected from the zone within the lower one
third of the papillary tip under 3120 magnification [13].
Tubules were then transferred to a Lucite chamber that
contained bathing solution initially at room temperature.
One end of the tubule was pulled into an outer holding
pipette. Once secure, the inner perfusion pipette was
advanced and the tubule was opened with a slight positive
pressure [14, 15]. The opposite end of the tubule was then
pulled into an outer collecting pipette. Thereafter, the
tubules were warmed to 37°C in a temperature-controlled
chamber and bathed with solution replaced every 30 min-
utes. Perfusion rates were maintained at 1 to 2 nl/min.
Collections were made at 30 minute intervals in a precali-
brated constant-bore collection pipette. The collected sam-
ples were placed in a Petri dish under mineral oil [14, 15].
The content of the solution that was used for the perfusion
and bath is shown in Table 1. The HCO3
2-containing
solution was bubbled with 5% CO2–95% O2 gas through
the duration of experiment. Bath pH was 7.40 as measured
by microelctrode and replaced every 30 minutes. The
osmolarity of the solutions was adjusted to 290 mOsm by
addition of sucrose. In all perfusions, the order of perfusion
(control or inhibitors) was random. After exposure to an
inhibitor, the tubule was perfused with the test solution for
15 minutes prior to the onset of collection. Each tubule was
used for three separate measurements, one in the absence
of any inhibitor (control) and two in the presence of
different inhibitors (that is, SCH or ouabain). The perfu-
sionist was blinded at random to the nature of the perfusate
or the inhibitor. Any possible time dependency of JtCO2
was determined in separate experiments by assaying net
HCO3
2 reabsorption in three consecutive collections made
with normal solution.
Measurement of terminal CO2 flux. Terminal CO2 in
nanoliter samples from collectate and perfusate was mea-
sured by nanoflow (Picapnotherm; World Precision Instru-
ments, New Haven, CT, USA). The net flux of terminal
CO2 across the tubule epithelium was calculated as
JtCO2 5 ~C0V0 2 C1V1!/L
where JtCO2 is the net flux of tCO2 (pmol/min
21/mm
tubule length 2 1), C0 is the concentration of tCO2 in the
perfusion fluid (pmol/nl), C1 is the concentration of tCO2 in
the collected fluid (pmol/nl), V0 is the perfusion rate
(nl/min), V1 is the collection rate (nl/min) (in the absence
of vasopressin, V0 5 V1) and L is the length of the tubule
(mm) [14, 15].
RNA isolation. Total cellular RNA was extracted from
the tip of papilla by the method of Chomczynski and Sacchi
[16]. In brief, 0.1 g of tissue from several potassium
depleted or control animals was pooled and homogenized
at room temperature in 10 ml Tri Reagent (Molecular
Research Center Inc., Cincinnati, OH, USA). RNA was
extracted by phenol/chloroform, precipitated by isopropa-
nol [16] and quantitated by spectrophotometry. RNA was
stored at 280°C until used.
Northern hybridization. Total RNA samples (30 mg/lane)
were fractionated on a 1.2% agarose-formaldehyde gel and
transferred to Magna NT nylon membranes (MSI) using
10 3 SSPE as the transfer buffer. Membranes were then
cross-linked by UV light and baked as described [17].
Hybridization was performed according to Church and
Gilbert [18]. Briefly, membranes were preprehybridized for
one hour in 0.1 3 SSPE/1% SDS solution at 65°C and then
prehybridized for three hours at 65°C with 0.5 M sodium
phosphate buffer, pH 7.2, 7% SDS, 1% BSA, 1 mM EDTA,
and 100 mg/ml sonicated carrier DNA. The cDNA probe
was labeled with 32P-deoxynucleotides using the RadPrime
DNA labeling kit (Gibco BRL, USA) and used for over-
night hybridization of the membranes as described [16].
The membranes were washed twice in 40 mM sodium
phosphate buffer, pH 7.2, 5% SDS, 0.5% BSA, and 1 mM
EDTA for 10 minutes at 65°C, washed four times in 40 mM
sodium phosphate buffer, pH 7.2, 1% SDS, and 1 mM
EDTA for 10 minutes at 65°C, exposed to Phosphor Imager
cassette at room temperature for 24 to 72 hours, and read
by Phosphor Imager (Molecular Dynamics). For colonic
H1-K1-ATPase, three PCR products from the rat a-sub-
unit cDNA (nucleotides 135-515, 2369-2998 and 3098-
3678) were pooled and used as an isoform-specific probe.
For gHKA, the EcoRV-PstI fragment from the a subunit (a
gift from Dr. Gary Shull) was used as the specific probe.
Accuracy of separation of papilla from the rest of
medulla was verified by positive Northern blots for
ROMK1 mRNA expression in the outer medulla but not in
the papilla.
Table 1. Composition of solution in mM
Solution
Na1 145
K1 5
Ca21 1
Mg21 1.2
Cl2 126
HCO3
2 25
H2PO4
2 1
SO4
22 1.2
Glucose 5.5
L-Alanine 6
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Materials. 32P-CTP was purchased from New England
Nuclear (Boston, MA, USA). Nitrocellulose filters, aga-
rose, ouabain and other chemicals were purchased from
Sigma Chemical Co. (St. Louis, MO, USA). RadPrime
DNA labeling kit was purchased from Gibco BRL, USA.
Statistical analysis. The data are expressed as mean 6 SE
where appropriate. For statistical analysis of mRNA ex-
pression experiments, the Phosphor Imager readings were
obtained and analyzed by analysis of variance. For func-
tional studies, JtCO2 was considered an approximation of
net bicarbonate reabsorption. Analysis of variance and
t-test were used where appropriate to determine statistical
significance. P , 0.05 was considered statistically signifi-
cant.
RESULTS
Rats fed a potassium depleted diet developed significant
hypokalemia at 10 days. Serum [K1] was 4.8 6 0.5 in
control and 3.1 6 0.4 mEq/liter in potassium depleted
animals (P , 0.04, N 5 4). These results are consistent with
previous studies from this laboratory, indicating that serum
[K1] decreases after six days of a potassium depleted diet
[19].
In the first series of experiments, gHKA mRNA expres-
sion was examined by Northern hybridization. As indicated
in Figure 1, upper panel, mRNA levels for gHKA de-
creased in the papilla of potassium depleted rats. The level
of expression of gHKA was normalized by adjusting for the
expression of the constitutive control gene, 28S rRNA (Fig.
1, lower panel), and was decreased by 56% in potassium
depleted animals (P , 0.05 vs. normal, N 5 3).
In addition to gHKA, a cHKA isoform is expressed along
the length of the collecting duct [8]. In the next series of
experiments, the expression of cHKA in the papilla of
potassium depleted animals was examined (Fig. 2, upper
panel). As indicated, cHKA mRNA levels were heavily
induced in the papilla of potassium depleted rats (P ,
0.001 vs. normal, N 5 3). Comparable mRNA levels for the
constitutive control gene, 28S rRNA, is shown in Figure 2
(lower panel) indicating equal loading of RNA samples.
To correlate the expression of HKA isoforms with their
activity, net HCO3
2 reabsorption (JtCO2) in terminal
IMCD was measured in the presence or absence of appro-
priate inhibitors. In normal rats, JtCO2 was 4.6 6 0.4
pmol/min21/mm tubule length 2 1 and decreased to 2.4 6
0.3 with 10 mM SCH in perfusate (P , 0.002, N 5 5; Fig.
3A). Ouabain 1 mM in the perfusate had no effect on JtCO2
(Fig. 3A; P . 0.05, N 5 5). These results are consistent with
gHKA isoform mediating the majority of HCO3
2 reabsorp-
tion in terminal IMCD of normal rats. To determine the
time dependency of net HCO3
2 reabsorption, terminal
Fig. 1. Gastric H-K-ATPase (gHKA) Northern
hybridizations in renal papilla of normal (C) or
potassium depleted rats. Upper panel, gHKA
Northern hybridization; lower panel, 28S rRNA
Northern hybridization.
Fig. 2. Colon H-K-ATPase (cHKA) Northern
hybridizations in renal papilla of normal (C) or
potassium depleted rats. Upper panel, cHKA
Northern hybridization; lower panel, 28S rRNA
Northern hybridization.
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IMCD was perfused with normal solution and three con-
secutive collections were made. As shown in Figure 3B,
JtCO2 did not change significantly over the period of 90
minutes (three 30-min collections), indicating the integrity
and viability of the tubules over the duration of the
experiments.
JtCO2 increased in potassium depleted animals as com-
pared to controls (7.06 pmol/min/mm tubule length in
potassium depleted rats, N 5 4, vs. 4.56 in controls; N 5 5,
P , 0.001; Fig. 4). The effect of inhibitors on JtCO2 in
potassium depleted rats was examined next. The presence
of 10 mM SCH in perfusate decreased JtCO2 to 3.3 (Fig. 5;
P , 0.001, N 5 6), whereas ouabain 1 mM in perfusate
decreased JtCO2 to 4.9 (Fig. 5; P , 0.005, N 5 6). These
results indicate that JtCO2 is increased in potassium de-
pleted rats and shows sensitivity to ouabain as well as SCH.
To determine whether the inhibitory effects of ouabain
and SCH were additive, JtCO2 in terminal IMCD of
potassium depleted rats was measured in the presence of
SCH 1 ouabain or SCH alone. In the presence of both 10
mM SCH and 1 mM ouabain, perfusate JtCO2 in the
terminal IMCD of potassium depleted animals was 3.4 (vs.
4.0 for SCH alone, P . 0.05, N 5 6); thus, these inhibitors
were not additive (Fig. 6). JtCO2 in the absence of any
inhibitor was 7.7 in potassium depleted animals (P , 0.001
vs. SCH alone or SCH 1 ouabain, N 5 6; Fig. 6).
DISCUSSION
These studies demonstrate that gHKA and cHKA are
differentially regulated in terminal inner medulla in potas-
sium depletion, with gHKA expression decreasing and
cHKA expression increasing in potassium depleted rats
(Figs. 1 and 2). The results further indicated that induction
of cHKA mRNA is associated with increased HCO3
2
reabsorption (JtCO2) in terminal IMCD (Figs. 4 and 5).
JtCO2 was inhibited by both ouabain and SCH in potassium
depleted animals (Fig. 5), but by only SCH in normal rats
(Fig. 3). The inhibitory effects of SCH and ouabain on
JtCO2 in potassium depleted rats were not additive (Fig. 6).
This is the first report, to our knowledge, demonstrating
down-regulation of gHKA expression in potassium de-
pleted rats. The studies further indicate that suppression of
gHKA is closely associated with induction of cHKA (Figs.
1 and 2), consistent with the switch from gHKA to cHKA in
potassium depleted rats. Induction of cHKA (Fig. 2) cor-
relates with increased HCO3
2 reabsorption, indicating that
this isoform is responsible for increased JtCO2 in terminal
IMCD of potassium depleted rats (Figs. 4 and 5).
In potassium depleted rats, cHKA mRNA expression
Fig. 3. (A) Effect of 10 mM Schering 28080 (SCH) or 1 mM ouabain
(OUA) in perfusate on JtCO2 in normal rats. Each bar represents mean 6
SE. Each bar represents the mean 6 SE for 5 control, 5 ouabain or 5 SCH
separate experiments. Tubule lengths were 0.92 6 0.05 mm and perfusion
rates 1.11 6 0.04 nl/min. The order of perfusion was random and that the
order shown in the Figures is the final tabulation of the data once
unblinded. *Significant difference versus control. (B) Time dependency of
JtCO2 in terminal IMCD. Effect of time on JtCO2 in terminal IMCD was
studied by measuring net HCO3
2 reabsorption in terminal IMCD for
three consecutive 30 minutes collections in the absence of any inhibitors in
perfusates. Tubule lengths were 1.13 6 0.20 mm and perfusion rates were
1.39 6 0.12 nl/min.
Fig. 4. JtCO2 in normal or potassium depleted rats. There were 5
animals in the normal group and 4 animals in the potassium depleted
group. For normal and potassium depleted rats the tubule lengths were
respectively 0.92 6 0.05 and 0.74 6 0.04 mm, and the perfusion rates were
respectively 1.11 6 0.04 and 1.26 6 0.05 nl/min.
Nakamura et al: K depletion and IMCD HCO3
2 reabsorption1236
was induced in the inner medulla (Fig. 2), strongly suggest-
ing that this isoform becomes predominantly responsible
for K-dependent bicarbonate transport in terminal IMCD
under this condition. This genetic datum is further sup-
ported by the functional observations that in only potas-
sium depleted rats is bicarbonate transport inhibited by
ouabain, a property of cHKA not shared by gHKA in vitro.
Given our conclusion from these genetic and functional
data, then the further observation that the effects of SCH
and ouabain were not additive suggests that these inhibitors
were acting on the same transporter. The acquisition of
SCH sensitivity by cHKA in vivo in potassium depleted rats
is therefore a new finding but confirmatory of two recent
reports [12, 20]. Since this is at variance with in vitro data
[6], further studies will be required.
The above results further demonstrate that the contribu-
tion of gHKA, which is the dominant isoform under normal
conditions, is suppressed in potassium depleted rats. This is
supported by the fact that gHKA mRNA expression is
decreased in the inner medulla (Fig. 1) and SCH-only
sensitive HCO3
2 reabsorption is down-regulated in termi-
nal IMCD (Fig. 5). Given the higher rate of K-dependent
HCO3
2 reabsorption in terminal IMCD (Figs. 5 and 6), its
sensitivity to ouabain (Fig. 5) and the heavy induction of
cHKA (Fig. 2), we conclude that in potassium depletion
rats, the gHKA activity in terminal IMCD is replaced by
cHKA. cHKA mRNA expression was detected using three
PCR products specific for this isoform (Methods section).
These products are common to both cHKA a1 and a2
subunits and do not distinguish between the two variants
[21, 22].
The reason for the switch from gHKA to cHKA in the
collecting duct of potassium depleted animals is not clear at
the present. cHKA shows a similar pattern of cation
selectivity compared to gHKA, in that both isoforms exclu-
sively operate on a K-H exchange mode and neither
isoform has an affinity for Na [12]. As such, kinetic
differences such as a possible higher affinity of cHKA for
luminal K1 could play a role for the switch from gHKA in
cHKA in potassium depleted rats. Studies in oocytes or
cultured cells transfected with gHKA or cHKA cDNA
could provide answers to this question.
Studies on HKA isoforms regulation showed that cHKA
mRNA increased by approximately fourfold in the renal
cortex of rats on a Na-depleted diet for two weeks [23] with
no effect on gHKA. Functional studies in split-perfused
CCD intercalated cells of Na-depleted animals by intercel-
lular pH (pHi) measurement showed the induction of an
Fig. 5. Effect of 10 mM SCH or 1 mM ouabain
in perfusate on JtCO2 in potassium depleted
rats. Each bar represents mean 6 SE for 6
(control), 6 (ouabain) or 6 (SCH) separate
experiments. Tubule lengths were 0.75 6 0.08
mm and perfusion rates 1.31 6 0.06 nl/min.
The order of perususion was random (see
legend to Fig. 3). *Significant difference versus
control.
Fig. 6. Effect of SCH plus ouabain on JtCO2
in potassium depleted rats. Each bar represents
mean 6 SE for 6 separate experiments. Tubule
lengths were 0.88 6 0.13 mm and perfusion
rates 1.28 6 0.06 nl/min. The order of
perususion was random (see legend to Fig. 3).
*Significant difference versus control.
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HKA activity that was sensitive to ouabain and not to SCH,
with no change in baseline gHKA activity sensitive to SCH
but not ouabain [24]. These results suggest that cHKA is
induced in sodium depletion and is sensitive to only
ouabain but not SCH. Comparison of cHKA inhibitory
profile in potassium depletion and sodium depletion sug-
gests that cHKA sensitivity to both SCH and ouabain is
likely unique to potassium depletion and does not apply to
sodium depletion. The reason for this difference in cHKA
sensitivity to SCH in potassium depletion but not in Na
depletion remains speculative. Possibilities such as alter-
ations in the topology of the assembled cHKA subunits in
potassium depleted rats should be considered.
Potassium depletion is associated with metabolic alkalo-
sis in both rats [10] and humans [25] by increasing the
reabsorption of HCO3
2 in several nephron segments
[9–12]; however, the contribution of terminal IMCD to
HCO3
2 reabsorption has not been determined. Our results
indicate that HCO3
2 reabsorption is increased in the
terminal IMCD of potassium depleted rats, suggesting that
more than one nephron segment may be involved in
enhanced HCO3
2 reabsorption and, therefore, the main-
tenance of metabolic alkalosis in potassium depleted rats.
The results further indicate that cHKA is predominantly
responsible for this increase in JtCO2 in terminal IMCD. In
addition to HKA, a SCH-insensitive mechanism is also
expressed in terminal IMCD that mediates vectorial trans-
port of HCO3
2 and is not up-regulated in potassium
depleted rats. The majority of SCH-insensitive HCO3
2
reabsorption in terminal IMCD is likely mediated via
H1-ATPase as shown by the additive inhibitory effects of
SCH plus diethylstilbestrol (DES, a potent inhibitor of
H-ATPase) on HCO3
2 reabsorption in the terminal IMCD
of mouse kidney (unpublished results).
Potassium depletion has been shown to increase cHKA
mRNA expression and protein abundance in rat kidney [19,
26, 27]. In situ hybridization studies have indicated that
cHKA is expressed along the length of the collecting duct,
and they have further demonstrated that cHKA up-regula-
tion in potassium depletion is mostly evident in OMCD [8].
Terminal IMCD did not show any increased expression of
cHKA mRNA in potassium depleted animals [8]. Our
studies, however, indicate significant enhancement in the
expression of cHKA in the papilla of potassium depleted
animals (Fig. 2). We believe that this difference could be
due to varying degree of sensitivity of the techniques that
were employed, as Northern hybridization directly and
quantitatively measures mRNA levels.
In conclusion, potassium depletion is associated with
differential regulation of gHKA and cHKA isoforms in
IMCD. gHKA expression is suppressed whereas cHKA
expression is induced. cHKA is sensitive to both ouabain
and SCH in potassium depleted rats, is likely responsible
for increased HCO3
2 reabsorption in terminal IMCD, and
thereby plays an important role in the maintenance of
metabolic alkalosis in potassium depletion.
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APPENDIX
Abbreviations used in this article are: CD, collecting duct; CCD, cortical
collecting duct; cHKA, colonic H-K-ATPase; gHKA, gastric H-K-ATPase;
HKA, H-K-ATPase; IMCD, inner medullary collecting duct; JtCO2, net
HCO3
2 flux; OMCD, outer medullary collecting duct; SCH, Schering
28080.
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